Transcriptional repression is as important as transcriptional activation in establishing cell-type specific patterns of gene expression. RE1-silencing transcription factor (REST), also known as neuronal restrictive silencing factor (NRSF), is a transcriptional regulator that represses a battery of neuronal differentiation genes in non-neuronal cells or in neural progenitor cells by binding to a specific DNA sequence (repressor element-1/neuron-restrictive silencer element, RE1/NRSE). REST/NRSF functions in the neuronal development are widely studied, however, little is known about target genes in various non-neuronal lineages that may result in cell differentiation. Here, we use RNA interference (RNAi) technology combined with the microarray strategy to identify potential REST/NRSF targets and RE1/ NRSEs in human non-neuronal cell line HEK 293. Expression of 54 genes was up-regulated by inhibition of REST/NRSF in the HEK 293 cells according to the microarray experiment and 13 of those were further confirmed by quantitative RT-PCR. Our results confirmed the good confidence and reliability of current research data based on in silico, chromatin immunoprecipitation in combination with microarrays (ChIP-chip), and high-throughput sequencing (ChIP-seq). However, in view of the fact that thousands of genes have been testified or predicted to be recognized by REST/NRSF, our data show that only a few genes among those are directly up-regulated by the interaction of REST/NRSF with RE1/NRSEs sites in gene sequences.
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Introduction
The Krüppel zinc finger transcription factor RE1-silencing transcription/neuronal restrictive silencing factor (REST/NRSF represses transcription by recruiting cofactors such as CoREST, mSin3A, histone deacetylases, and histone methylases [1] [2] [3] [4] [5] by binding a specific consensus 21-bp cis-element called RE1/NRSE in nonneuronal cell types and neuronal stem/progenitors cells [4 -6] . REST/NRSF is believed to be a major transcriptional repressor of neurogenesis [7] [8] [9] [10] , activation of target genes was found to be sufficient to convert neural stem/progenitor cells to neuronal phenotypes [11, 12] , and targeted mutation of REST/NRSF in mice caused embryonic lethality [6] . In addition to neuronal development, previous data also show that REST/NRSF may have other important roles in the cardiac development, pancreatic islet development, and perhaps B-or T-cell lineages [13] [14] [15] [16] .
The binding site RE1/NRSE was first identified as a silencer element in the 5 0 -flanking regions of STMN2 and SCN2A2 [17, 18] , and many RE1/NRSEs that have been studied in detail locate either within promoters or transcribed regions, whilst the remainders were intergenic. About 35 neuronal target genes have been identified to be directly regulated by the interplay between REST/NRSF and RE1/NRSE, e.g. CHRM4, GRIA2 [19, 20] , and all these genes were found one by one in various cell lines by the reporter system. This method is classic but not appropriate for genome-wide analysis of target genes of REST/NRSF. Recently, large-scale experimental analysis of REST/NRSF-binding sites in multiple cell types has been greatly facilitated using a combined in silico and biochemical approach [19] , chromatin immunoprecipitation in combination with microarrays (ChIP-chip) [21, 22] or high-throughput sequencing (ChIP-seq) [11, 23, 24] . These methods provided a highthroughput way to determine the candidates of the REST/NRSF target gene in genome. However, little is known about which genes among those candidates are functionally regulated by simply interaction with REST/ NRSF. To answer the question, we developed a comprehensive strategy using an RNA interference (RNAi) technology coupled with the microarray assay, followed by bioinformatics analysis, to build a comprehensive genome-wide model for identifying genes repressed by REST/NRSF in HEK 293 cell. We show that only a few genes are functionally regulated by depression of REST/ NRSF in the 293 cell line, although there are much more functional RE1/NRSE sites to be found in the genome.
Materials and Methods

Cell culture
The HEK 293 cell line was cultured in DMEM supplemented with antibiotics (streptomycin, 100 mg/ml; penicillin, 100 IU/ml) and 10% (w/v) newborn calf serum (NCS) at 378C in a humidified atmosphere containing 5% CO 2 .
RNA interference
A short interference RNA (siRNA) motif against the human REST/NRSF cDNA sequence (GenBank accession No. NM_005612) was selected according to the Elbashir's scheme [25] . The target sequence was localized at position 921 bases downstream of the start codon of the REST/NRSF gene. The forward and reverse RNA strands (5 0 -GGAGAUUUCUCCAAGGGCCUU-3 0 and 5 0 -GGCCCUUGGAGAAAUCUCCUU-3 0 ) with two 3 0 -U overhangs were transcribed in vitro by the MEAGshortscript T7 kit (Ambion, Austin, USA), annealed by heating at 958C for 5 min, and incubated at 378C for 1 h. As a control for REST/NRSF-siRNA, we used a non-related siRNA sequence (control-siRNA: 5 0 -GGACAGGUCUCGAAGUUCCUU-3 0 ). Transfection of siRNA was performed by calcium phosphate methods. Cells were plated (5 Â 10 5 /well) in six-well plates in DMEM containing 10% NCS for 24 h. siRNA/calcium phosphate mixture, prepared by mixing siRNA with 125 ml buffer A (0.256 M CaCl 2 and 2 mg siRNA) and 125 ml buffer B (2Â HBS: 280 mM NaCl, 10 mM KCl, 1.5 mM Na 2 HPO 4 , 12 mM glucose and 50 mM HEPES, pH 7.2), was added (siRNA 2 mg/well). Six hours later, the cells were replaced with fresh DMEM containing 10% NCS and cultured for another 42 h, then the cells were harvested and the total RNA was extracted.
Total RNA extraction and cDNA preparation Total RNA was extracted using the Trizol reagent (Invitrogen, Carlsbad, USA) according to the manufacturer's protocol. Two micrograms RNA per sample was reverse transcribed to cDNA by using reverse transcriptase (MMLV-RT) (Promega, Madison, USA) according to the manufacture's instruction.
Quantitative real-time PCR Quantitative real-time PCR was performed using the GeneAmp 5700 Sequence Detection system (Applied Biosystems, Foster city, USA) with SYBR-Green I as fluorescent dye according to the manufacture's protocol. Primers are listed in Table 1. cDNA microarray Total RNA was isolated from the HEK 293 cells treated with 2 mg REST/NRSF siRNA or 2 mg control siRNA for 48 h in duplicate using the Trizol reagent according to the manufacturer's instructions. Human 14K gene expression array (2.0) (Shanghai Biological Array Company, Shanghai, China) was used, which contains 8568 fulllength human genes and 2635 ESTs from unknown genes. cDNA synthesis, labeling, purification, hybridization, and detection of signals were carried out by Shanghai Biological Array Company (http://www.shbiochip.com/). Genes were considered to be up-regulated when the median of the normalized ratios was !2.
Extraction of nuclear proteins
Nuclear proteins were extracted from the cultured HEK 293 cells as described [26] . Cells were cultured to 80% confluence in the T75 flask. After washing twice with cold phosphate-buffered saline, cells were scraped-off in 1 ml of cold phosphate-buffered saline (PBS) and transferred to 1.5 ml Eppendorf tubes. The cells spun at 800 g for 5 min at 48C. Cell pellets were then resuspended with 400 ml of buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride) and incubated on ice for 10 min. After the addition of 10 ml of 10% Nonidet P-40, the cell suspension was vortexed. The cell lysate was spun at 3000 g at 48C for 4 min to pellet nuclei.
REST/NRSF regulates gene expression in a cell-specific way
The pellet was resuspended in 50 ml of buffer B (20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride) and incubated on ice for 15 min with frequent vortexing at top speed to elute the nuclear proteins. The nuclei were pelleted at 14,000 g for 5 min and the supernatant was collected. Protein concentration was quantified using the Bradford method and stored in aliquot at 2708C.
Electrophoretic mobility shift assays Electrophoretic mobility shift assays (EMSA) were performed as the others reported [26] , HEK 293 cell nuclear extract was used. The double-stranded SCG10 RE1/ NRSE fragment was used as probe. For DNA-binding assays, 10 mg of the nuclear extract prepared as described above was incubated with 4 ml of 5Â binding buffer (200 mM KCl, 75 mM HEPES, pH 7.9, 5 mM EDTA, 2.5 mM MgCl 2 , 25% glycerol), 2 mg of poly(dIdC) . poly(dI-dC), and 6 mg of bovine serum albumin (BSA) in a total volume of 19 ml at 228C for 30 min in the absence or presence of unlabeled synthesized doublestranded oligo-nucleotide competitor (RE1/NRSE-like sequence in the up-regulated genes was found in this study). The double-stranded probe was labeled with [a-32 P]ATP by Klenow fragment of DNA polymerase I and purified on Sephadex MicroSpin TM G-50 Columns (Amersham Biosciences, Shanghai, China). After addition of 0.5 ng (3000-10,000 c.p.m.) of the labeled probes (1 ml), the DNA-binding assay mixture was incubated for 30 min at 228C. The mixtures were run on a 5% polyacrylamide gel in 0.5Â Tris-borate-EDTA (TBE) at 12.5 V/cm for 1.5 h. Gels were dried under vacuum and exposed to X-ray film with an intensifying screen at 2708C. The oligonucleotide sequences for the gel shift assays are shown in Table 2 .
Bioinformatic analysis
The bioinformatic analysis tools were used are from on-line public resources including Ensembl Genome Brower (http://www.ensembl.org), on-line Transfac DataBase (http://www.gene-regulation.com/index.html), and Fasta search program (http://fasta.bioch.virginia.edu). The RE1/NRSE consensus sequence (TTCAGCACCA CGGACAGCGCC and/or NNCAGCACCNNGGACAG Table 1 Primers used in quantitative real-time PCR
Gene
Primer sequences (5 Table 2 The oligonucleotide sequence for EMSA
a mm, mismatch mutation of consensus RE1.
REST/NRSF regulates gene expression in a cell-specific way NNNC) [27] was used to search the deduced RE1/NRSE sequence in the up-regulated genes sequence in the public data base using the FASTA search program. The parameters used were: ktup, 6; scoring matrix, þ5/24; gap, 212.0; and gap extension, 24.0.
Statistical analysis
All data are shown as mean + SEM. Mean values were calculated and were compared using one-way ANOVA followed by t-test. P , 0.05 denotes a statistically significant difference.
Results
Specific and efficient knock-down of REST/NRSF mRNA in HEK 293 cells The emergence of RNA interference (RNAi) as a mechanism to silence gene expression has enabled loss-of-function analysis in mammalian cells in a potentially genome-wide manner [19, 28] . We have utilized such RNAi-based, forward genetic approach to identify genes repressed by REST/NRSF in the HEK 293 cell model. The efficiency of the RNAi strategy for REST/NRSF was evaluated by quantitative real-time PCR in the HEK 293 cells treated with REST/NRSF siRNA compared with that treated with a negative control siRNA. As shown in Fig. 1 Table 3 ). The up-regulated genes include genes for adhesion molecules, cytoskeleton, metabolism, etc. Quantitative real-time PCR was used to confirm the results of cDNA microarray analysis. Thirteen of the 54 up-regulated genes were confirmed [ Fig. 1(B) ]. The features and expression distribution of these genes are listed in Table 4 . Within them, 10 of the 13 genes, PCDH7, CELSR3, PCTK1, INA, CHGB, APLP1, CRMP1, C3orf14, BEX1, RPIP8, are mainly expressed in central nervous system (CNS), which may imply the significant functions of REST/NRSF in the non-neuronal cell differentiation. Among them, CHGB has been found experimentally to be repressed by REST/NRSF in the neurosecretory process in pc12 cells [29] .
Identification of RE1/NRSE in the potential REST/ NRSF target genes However, it was uncertain whether these transcripts level changes were caused by direct REST/NRSF regulation or cascade reactions, for instance, resulting from other transcription factors regulated by REST/NRSF. REST/NRSF regulates gene expression in a cell-specific way Therefore, we determine whether there are potential RE1/NRSEs in the up-regulated genes by using a bioinformatics approach. We adopted Match (http://www. gene-regulation.com) and Fasta (http://fasta.bioch. virginia.edu) software to find out RE1/NRSE-like sequences. The DNA sequence of these genes with 5 kb extended at both ends was from the public database (http:// www.ensembl.org). Ten of the 54 up-regulated genes have RE1/NRSE sequence ( Table 5) , among which, 6 genes, especially CHGB and APLP1, show complete conservation with the consensus sequence. Seven of the 10 genes, INA, CHGB, APLP1, CRMP1, TSC2, C3orf14, RPIP8, can be found in the RE1/NRSE database constructed by Professor Noel J. Buckley's laboratory [19] , Among the 10 genes, APLP1, INA, and CRMP1 can be found in all the databases constructed by different laboratories in different cell lines [11, 19, 24, 30] . In addition, four genes, CHGB, TSC2, C3orf14, and RPIP8 were in the database by the ChIP analysis on the human U373 cells [19] , CHGB, C3orf14, BEX1, and CELSR3 genes were found by ChIPSeq in the human Jurkat T cell line [11, 24] , and CELSR3 in the ChIP analysis in the murine TCMK1 kidney cells [30] , this further confirms our results. Moreover, all the 10 genes containing RE1/NRSE are in the 13 genes confirmed by quantitative real-time PCR, which additionally proves that these genes may be directly REST/NRSF regulates gene expression in a cell-specific way regulated. However, no putative RE1/NRSE was found in the PCDH7, PCTK1 and BIRC5 gene even in a larger window, that is, 200 kb extended at both ends of their DNA sequences, which show that they may be indirect targets of REST/NRSF or there is a non-canonical NRSF-binding motif [24] .
RE1/NRSE sequence location and conservation Many known instances of RE1/NRSEs that have been studied in detail are either intragenic or near the promoter, in accordance with this, locations of the 10 RE1/NRSEs are listed in Table 5 . RE1/NRSEs in CHGB, APLP1, INA, RPIP8, CRMP1, BEX1 genes show high levels of sequence conservation through evolution, among human, mouse, and rat (Table 6) , which suggests these genes may be directly related to REST/NRSF occupancy patterns in the HEK 293 cell line. Evolutionary constraints on RE1/NRSEs may not be driven solely to attain common occupancy, but may also play roles in maintaining particular occupancy patterns in various cell lines.
Validation of putative RE1/NRSE sequence binding to REST/NRSF Further analysis must be performed to demonstrate whether RE1/NRSE sites identified in these genes are functional, that is, whether REST/NRSF regulates these genes expression by a direct interaction with putative RE1/NRSE site. EMSA was used to validate whether the RE1/NRSE sequences in the present study have the capacity of binding REST/NRSF in vitro. The RE1/ NRSE consensus sequence derived from STMN2 gene was used as a probe in EMSA [27] . Putative RE1/ NRSEs as competitive sequence are listed in Table 2 .
Ten-fold and 100-fold molar excess of unlabeled respective putative RE1/NRSEs was used to compete with the gel shift produced by incubation of nuclear proteins from HEK 293 cells (Fig. 2) . Unlabeled RE1/NRSE of STMN2 was used as a positive control, and the mutant STMN2 RE1/NRSE and the unrelated CREB sequence as the negative controls. Ten-fold excess of RE1/NRSEs derived from CELSR3, C3orf14, APLP1, CHGB, CRMP1, TSC2, INA, RPIP8, GLA, and BEX1 genes produced an effective inhibition of REST/NRSF binding to STMN2 RE1/NRSE, and the results produced by CELSR3 and C3orf14 are shown in Fig. 2 . Different competitive levels in the results reflect different DNA-binding affinities that may contribute to lineagespecific and developmental programs in fundamental ways [19] .
Discovery of the functional REST/NRSF-binding motif in the HEK 293 cell
We calculated the functional REST/NRSF-binding consensus motif in the HEK 293 cell by using MEME-based motif discovery method applied with all default parameters based on the sequences of the 10 RE1/NRSE sites that bound REST/NRSF in functional assays in our study (Fig. 3 ) [11] . As the result shows, those up-regulated genes hold the canonical RE1 consensus sequence, and there is no apparent difference between our finding and the canonical motif reported before.
Discussion
In order to define the transcriptional group functionally governed by REST/NRSF in a particular cell type as well as discover more target genes, we adopted the RNAi technique to knock down REST/NRSF gene expression in the HEK 293 cells, then the up-regulated genes were identified by human cDNA microarray and confirmed by quantitative real-time PCR. The RNAi strategy used in this paper can reduce more than 70% of REST/NRSF mRNA in the HEK 293 cells. Thirteen genes were found to be up-regulated, and 10 of them are Table 6 Evolutionary conservation of potential RE1sequences
Gene Species Sequence
REST/NRSF regulates gene expression in a cell-specific way expressed mainly in the neuronal tissue. Among them, 10 genes have RE1/NRSEs identified by the BLAST analysis and functionally confirmed by the EMSA. It is possible that more RE1/NRSEs may be found if we search a larger window near the gene location. However, many functional identified RE1/NRSE sites located in the promoter, exon, or intron regions, so we just searched the DNA sequence of these genes with 5 kb extended at both ends and found at least one RE1/NRSE site. These results suggested that our strategy could effectively identify REST/NRSF target genes in a given cell line. Despite the fact that thousands of potential REST/ NRSF target genes have been identified, our data show very few changes in the gene expression as a result of knocking down REST/NRSF (only 54 genes show more than 2-fold increase) in the HEK 293 cell line. We carried out a comparison of our data with the transcriptome studies of other cell types [19, 24, 30] . For example, a set of transcription factors known to be critical in the regulatory network that controls pancreatic b cell development were found to be repressed by REST/NRSF in the human Jurkat T cells, such as NEUROD1, hepatocyte nuclear factors HNF4a and HNF6, Hes1, and Neurogenin3 [24] . In the human astrocytoma U373, another group of genes, e.g. L1CAM is transcribed and occupied, but not repressed by endogenous levels of REST/NRSF. Meanwhile, another target, SNAP25 is transcribed, occupied and repressed by endogenous levels of REST/NRSF [19] . Strikingly, in the murine TCMK1 kidney cells, other targets, such as Thoc5, Pdcd1lg2, and Tbx21, which involved in immune and inflammatory responses, are repressed by REST/NRSF [30] . These data show that, in different cell types, different groups of target genes of REST/NRSF were regulated. These previous and our studies further illustrate that only a subset of REST/NRSF target genes are transcriptionally regulated by REST/NRSF and this subset is cell specific. In addition, among the 10 genes in the HEK 293 cell, CHGB and C3orf14 genes were also regulated in the human U373 and Jurkat T cells, CELSR3 gene in the Jurkat T and the murine TCMK1 REST/NRSF regulates gene expression in a cell-specific way cells, when only TSC2 and RPIP8 in the U373 cells and BEX1 only in the Jurkat T cells [11, 19, 24, 30] . The data highlight that REST/NRSF regulates target gene expressions in a cell-specific and specie-specific way, which could be attributed to different RE1/NRSE occupancy in different cellular contexts and physiological conditions. This hypothesis is also strong supported by previous researches in the REST/NRSF knockout mice and knockdown chick myotome [6] , and other data [19, 24] . The second reason is that for most of the REST/ NRSF target genes, the binding of REST/NRSF may be not the only mechanism for the suppression of the gene expression.
In our case, the majority of genes regulated by REST/ NRSF in the HEK 293 cell are mainly expressed in CNS, but there are also a few expressed in other tissues, which may play an important role in neuronal or nonneuronal cell differentiation. For example, APLP1 is expressed in the cerebral cortex where it is localized to the postsynaptic density, and may play a role in postsynaptic function and regulate neurite outgrowth [31] ; CELSR3 belongs to integral membrane protein, may have an important role in cell/cell signaling during nervous system formation [32, 33] ; CRMP1 is specifically expressed in brain, the splice variant of which associates with CRMP2 and modulates RhoA-induced neuronal morphology [34] . On the contrary, TSC2, expressed in different kind of tissue such as liver, brain, heart, kidney, is implicated as a tumor suppressor [35] ; GLA is a galactosidase, and defects in GLA are the cause of X-linked sphingolipidosis Fabry's disease characterized by glycolipid accumulation in many tissues [36] ; protein encoded by PCTK1 belongs to the cdc2/cdkx subfamily of the ser/thr family of protein kinases, and may play a role in signal transduction cascades in terminally differentiated cells [37] ; BIRC5, expressed only in fetal kidney and liver, a lesser extent in lung and brain, is abundantly expressed in adenocarcinoma (lung, pancreas, colon, breast, and prostate) and in high-grade lymphomas, and may play a role in neoplasia by preventing apoptosis in G2/M phase [9, 38] .
Recently REST/NRSF was also identified as a candidate tumor suppressor by a genetic screen, which suggested the possibility of REST/NRSF participating in the development of human cancer [28] . BIRC5 and TSC2 repressed by REST/NRSF in our study added more evidence for the hypothesis.
On the whole, we identified 13 target genes repressed by REST/NRSF in the HEK293 cell. Although thousands of candidate genes are predicted to be repressed by REST/NRSF in the human genome, only a small group of genes was functionally activated by derepression of REST/NRSF in the HEK 293 cell, and which hints the complexity of cell-specific gene regulation. This method also provides a high-throughput method to identify target genes functionally regulated by TFs in a specified cell type.
